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A br ief i i istoricnl re vie^ r:jf ttlr~t;. traiisfer techn~qclcs vseil during the last 
twenty yeurs w i l l  be preset-~tetl. M e t l i d s  c i ~ r r e r ~ t  ly used w i l l  be rliscussed i n  
terlns of i:ost c.f fecl  ivenes< us  ( 1  furiutiurr of accurcrcy ociiievutrle, Future 
trends l ~ i l  l t)e discusseil i t )  terrrls of projec ted timekeeping ct lpai~i l i  ties. 

Wit; l in the lclst 10 yeurs, we hsvc:: seyn ~rnprovei-nents o f  severcll ordcr+s 01 rnuqnitudc in 
our abi l i ty  to lccep tirne. I h i s  t~as  Lrouylit fo r th  u number  of sopi~isticated, t i ined 
nuvigutiol-1 and c:orncnunri:atlon sysierns urd led to u clra,nutic: I nyrovemeilt ill tlie t ime- 
keeping ct~pabi l i  t.ies df  .nariy Inhoratories und ~Lservntor ies. Thc tirnekecpiiirj community 
I ~ u s  cllwuys been ir- i~t .reste~~ i!? trunsferriny tirne between r:oopcrutiny luborr~tor ic\  i l r d  i r i  
i lnproving t i lne t ransfer  tecl in~rjot- .~ (IS tiinekeeping cupabilit ies ilnproved. O h v i o ~ ~ s  
operat ioi~ul cconornies i:ur\ be ruciiievetj I l~rougt i  coordinatc.d untf svr ic l~ronircd sysle~ns. 

Twenty-Five years uyo, tirnekecpinq af the rnujor observt~tories and laboratories I l f  the 
warld was t~etweerl 1!3e 7'>-100 rnicrosecond level. F i t teen yerlrs ago, i t was at  the 5-25 
rnicrosecond ievel. ljl, to about 5 veurs aqu, i t  wcrs tlown to  the I - l O  inicro.;econd level. 
Today, I rnicroset:ur.rd tirnckec$pirig is uuhicvuljlc ~ i f h  u mr-~clest c~~nounl  of eftort. In fuct, 
the major. ti:nckeepiriq centers ure keeping sob-inicrusecond level tirning, in the 5-200 
nunosecond rdnge. $0017, we (:uti clxpert riuriosccorrd ox., even, soh-nanosccorxl 1 i;nc.kollp- 
ing, I lowever, it l ill 11ot he ec-lslly nrliic?\/ed rjr corne i l leuply. 

I hese stuteir-~c.rit:; concer~i~iny titnekeepiny; rt:tq!.~ire izertain ass:~inptions. uncl ~~l?clerstund-- 
inys. " I i;nekec?pirr!;j ccspubili tv" i:is !.rsetJ lierc. i s  neither rigoro\~::l:~ d2firied nor is there 3 
generully uct:eptct$ cnnsensr.rs or: whilt i t  ,neilns. Sorne would j ~ ~ s t i f i u h l y  say thal i f  tiley 
cun makc sub-nanosecnr~d I-neosure~rlel-lts ; , I  i.1 Ic~horutory, t h y  theri huve sub-narioscci)nd 
tirnekccping. Howcver, i t  r-ncry r rot  b(.: pixsit-)lc to  prt-ilicf Erow thu t  tiirie s c u i e  w i l l  
cornpcire ,vitir SOIKIC Q C C C P ( . ~ ~  s i ~ l r i d ~ r - d  111 SOIIIC' futi lrc eptx:h, This view provides the 
basis for t lw  ::deiigitil,rl used ir-I t l l i s  ;)(.]per. [ h i s  definiti,.m tnkes into uccoclnt u 
"stundurd" of cornpar isori clnd inc:ludes the r l i ~ r i ~  tion of the !-netast~re~rient. Tl3crefore, i n  
nssessiiiy ti~nekucpirrg c:crpc~bilit.v for r.1 sornewhat reulistic:: case, it should include the 
abil i ty t o  tnuirllain a reference clock tc-j witt i in ~ u ~ n i z  t~rc>scribed tolerance to either a 
tirne scale deterrnirrcd by uvcr~ly i i ly  u rlr~rr-~b~:r o f  c1ocl:s 0 1 -  soirie externul refercrlce over 
sorne period of  tirne, Irr t h i s  corltt:xt, I /nr l ,  (-1 I tni~rust.r:ond ( r ~ s )  timekeeping cclpubility 
would mean that u luborutor.y col-lld rxiuirlru~!l c i  reference clock t,.) within I inicroset:od 
of a tnathematically derived timt: sculc (Jr some external reference, sucl-i as ~na i r~ ta ined 
by sorne nc~viyutic-,:-1 system for (1 r-eu:;onubIe per ioil O F  t-iine. I r l  order to he concerned 
w i th  operation111 systerns, u rei-rsonoble period of t ime wnl~ l r l  be fol.~r weeks. 

In  reyurd to 11-IC ecJr l ier ncr~l i ,net1 develr3prnents in tirnelceeping, it i:; obvious that the 
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i n t rduc t ion  of the comrnerciully clvoilable cesium beatn frequency standard wus u 
significant milestone which caused the first ~na jor  improvetnent noted some 20 years 
ago. Irnprovernents to tlie crsiurn beam frequerlcy standard (improved tube), improve- 
~nents in the cornputulion of locul tirnc: scales and imprclved rnonitoririy und ~neusurernent 
systems coritributcd to the r l t ~ x l  two rounds of irnprovernents. rhri11g ttie next 10 yeurs, 
we can look forwclrd to the introduction of  several new devices, such as stored ion 
freq~~ericy standards and opticully pumped cesium beam frequency standards, into our 
tirnekeeping systems to speurhecrd thc next round of ilnproved capabilities. In order to 
I J ~  i l ize these devices in a practical way, rnore robust stutistical techniques and improved, 
more stable rneusuremcnt systems will also have to he introduced. Tuble I surn,narizes 
in tabular form, while I-"igure I presents in graphical forrn the progress made in 
"timekeeping" over tlie I m t  20 years and projects forwurd an estitnute of what can 
optirnistical ly he expected d~wit iy tlie next 10 yeurs. 

Very frequelitly, after cr titnekeepiny system has been inungurated, it becomes desirable 
to  intercolnpare i t  with another system or systerns. This desire may he based on real 
nr;ed, such us u require ncnt to rnuintuin a system to  within sorne specified tolerance, or 
intelleclual curiosity, such as (In interest in seeing the performance of one system wit l i  
respect to anottler. I t  sllould bc crnphasired that this latter cuse is also a real need, for 
example, one can be trying to intercornpare la:~uratory type cesiurn beam Frequency 
standclrds as a busis for the definition of the System Internatiorlol (SI) second. 

A tirne trunsfcr cornpurison is usually achieved by the one or two-way exchange of tirning 
duta. One-way l i lnc trunsfcr dcrtcz is based on receiving a tirned signal frorri some 
t r a n ~ ~ n i t t i n g  system, S L I C ~ I  CIS a satellite disseminating t ime signal or n navigational 
syste~n. IJsuul ly, one is concerned w i  t l i  sirnul tilncous reception of the sume signal. In 
order to use these \ igf~uls far precise t i ~ n e  transfer, one rnust f irst carefully evaluate the 
propugutio,~ path delay from tlie trunsrnitler urid r ~ l l  electronic component delays of  
equiplnent used in the receiving system. 0r1e usually neqlects deluys in ttie translnit l ing 
system because crl l tneusorernents are c~suol ly referenced to  the tirne the signals letwe the 
transmitting untennu, t lowever, this does not rule o t~ t  the need to know the delays 
tlirough tlie transmitting equiptrierit. Once the delays have been carefully estimated, 
they usually remain fixed until cornpor~ents c~ re  changed. The received signals ore usually 
referenced to  same locul t ime st~~ndard. Two-way tirne trunsfer depends on the rnutual 
exchange of some ti ned signals between the two stations involved. Because the rnc~tually 
exchanged signals truvcl through tlie same ntrnosphere, propacjution pat11 delays do not 
affect the results as they urc corninon to  both sets of  ~neusurernel~ts and usually drop-out 
of the final compclrison of the two-clocks. If there is s a n e  relaying device, such as a 
satellite, between Ihe t w o  stutions, the11 it !nust be carefully investigated whether each 
signal suf fers tlie same delay os i t  propayutcs through tlie relaying devices. For 
satellites, this rneuns cureful prc-lul~nch calil~ration, 

Obviously, the precision and occurucy of Tirne I ransfer Techniques should be cornparuble 
wit l i  the accuracies of the tirnekceping capabilities of the systerns we are cornpuring. I f  
not, i t  could take un inordinately long period of time t o  make the comparison. A 
rneusurcrnent precisiorr of I ns wi l l  yield n frequcricy rneusure,nent good to  1 x 10- 12 in  
just 1000 sccs (1 7 min). A meusurelnent systeln g o d  to I rnicrr~econd wi l l  need over a 
day to  attain the same precision in frequency. 

The capabilities and usage of severul -1 irne Transfer Techniques over the lust two decades 
wi l l  be traced in  order to develop a picture of future expectutions in ttie field of Time 
Transfer. An t~istoricul u p p r i ~ c t i  to t l ~ e  cuteyorirution of  the techniques ((3CIt3, 1982) 



will b e  used. 1 he se  cu teyor i e s  include geogruphic  a r e a  of cover3ye ,  freyuerx y lllurnuir~ , 
the  technique,  a n d  rnajor sys t e ,n  ca tegor iza t ion ,  such  as, navigat ion o r  con~rncrnicit-Pii~; 
systerns. 

One of  t h e  s imples t  rncthods of c lu s s i f i cu t io ;~  is through the  specificatic~f-I i\ rl: ,  i; . 
quency used t o  exchange  t iming cluta, such  as rudio o r  optical .  In tile fo rmer ,  WY r 2  cr i , ~  

find sub-groups such  as ve ry  low f requency (VLF), low f requency (IF), Ilirl:, 4-,2 = rrcA/ 
(IiF), very  high f r e q u e r ~ c y  (VHF) o r  rl-licrowuve. Opt ica l  ~ n e t l l u d s  usuo l l~  , . ,asel 
pulses or op t i ca l  f iber  techniques.  Various systerns developed for s p e c P o  ' 1 : 3 ~ t ~ ~ ~ 2 >  huj-! t 

us  naviyariorl ur cornrnurlict~tiorls c a n  a lso  b e  used for tilne t runsfer .  T4e Ib  : , J ~ % T + ~ ~ I ,  C L I I .  

be e i t h e r  lilnd-busccl o r  sutel l i  te-bused. The most  obvious unvs u r c  thr b , !  Jr_rf or 
sys t ems ,  such  as Lurun-C, Transit, Olneya nnd t h e  Global Posi tinning Sjst~.:rr~ \<;t'S) c r : > i !  
t h e  communir-,ation sys t ems ,  S I J C ; ~  LIS geostatic3na-y commercial c:oinrnunir:ciI r > . r r  a , , u r ~ r  ir Iei 
und t h e  Defense  Sutel l i  te C,ornmunications Sys tem (LJSCS). Very Long k3rrs-lir ic i~lier 

f e ro rne t ry  (VLHI), becuvse  it requi res  highly p rec i se  f requency s t a ~ i d u r d s  whict ,Jru use..i 
as a local r e f e r e n c e  osc i l la tor  a n d  clock,  cun  be used as u iilnt-~. trunsFer sysren-1 r~vzv 
in te r~nedicr te  to in tercont inenta l  dis tances.  irne t r ans fe r  techniques  w t i i ~ l r  art. iiicul irn 
cove rage  include Loth radio  (TV, rnicrownve, satellite systerns)  and  opt ica l  (iaser pulse3 
and opt icu l  fibers).  Methods which  a r e  i n t e r ~ n e d i a t e  in covc rugc  i n c l l ~ d c  !_F, l l l r  rind 
satellite systems.  t l e ~ n i s p h c r i c  o r  intercorrtinentul cove rage  in t i m e  transfer ,-an be 
ach ieved  t l ~ r o u g t ~  VI-IT o r  s a t e l l i t e  sys tems.  1 he  I ( ~ t t e r  a r e  c~secl for  g r e a t e s t  , > r e ~ i s i ( ~ n .  
The s a t e l l i t e  systerns can h e  a t  e i t h e r  radio o r  opt ica l  frequencies. 

During t h e  l a s l  20 ycctrs, t h e  vurious s y s t e , n s  rnenti3ned above  have  been used  i l l  vuryiny 
d e g r e e s  by t h e  tilnelceepiny communi ty  t o  e f f e c t  t i m e  transfers .  Some syste1:-1s havc 
enjoyed Inore use thun o the r s ,  sorne huve r e c e n t  popularity. The  choice of s y s t e , r ~  1 : :  

based  orr requirements c~nrl avai lable funding. The  populari ty of sorne s~sterrns r , :b t \  i . r  

t h e  fact t h a t  over- the yeurs,  t hey  have shown un abi l i ty  to increase  s y s t e m  perdiu,rlxic~~~~,t: 
w i th  t i m e  and  use. Sorne sys terns  h w e  not  and t end  t o  be t)ounded in their- f i i n c  frunsfei 
capabil i t ies .  Herrce, the i r  clsuye quickly becomes  limited. As  i t  is ~ i t h  iirrrekc*pirig 
sys t ems ,  progress is  . i r x k e d  by  one of t l ~ r e e  iterns: 

u) inircxlcrr:t ion of new devices ,  i.e. new technique;  
b) irnprove,iients to furidarnentals v f  technique,  i.e. iinproved prop(1g1~ti311 t j t e~ , ;  

or hcrdwurc ;  
or 

c )  tec:llnicul i lnprovements  in uricillary o r  s ~ ~ p p o r t  systerns,  i.e., irilpri~ve:~ 

rnensurernzrrt curriporlents (51 I I<l:M modems). 

As the cupubili  fies o f  t h e s e  sys tems  for t i rne t r ans fe r  u re  t r aced  ove r  tlle lrls t :!(I ) r~u  *, 
the various Factors which h a v e  caused  e n h a n c e m e n t s  in t he i r  c n p a ~ ~ i l r t i e ~  wifi he 
ment ioned  as wl?ll CIS .the fac:tnrs which lirnit the  technique. 

FiAUlO 1 ECk11dIG)UES Fil l  < I IM11 1 RANSFEH 

While opt ica l  methods ,  such a s  tire dropping of u t i rne  bull 4 ~ t  noon, durnlnutl:,i t l i ~  earl,, 
his tory of tiin12 t runsfer ,  the i r  clreu of cove rage  wus u lirnitation t o  Illeir ~ , sc .  / i>c  
in t roduct ion  o f  tlie t e l eg raph  for  t i m e  d is t r ibut ion  brought  ubout u rnajoa r evo lu i iu r~  In 
t i m e  t ransfer .  T h e  rireo o f  cove ruye  of u t i rne t ransfer  s y s t e m  wus g r e a t l y  expnndeci. /1. 
signif icanl  i nc rease  in a c c u r a c y  of tirne t r-o~isfer  was ulso uchieved c o r ~ ~ p o r  eil t u  the 
dropping of t h e  trrne boll. We h a v e  h e r e  t h e  case of an inc rease  in firne trclnster 
capabi l i ty  through the use  of u new technology.  

A. VLF a n d  !-IT Teclir~iques 



In 1904, the use of VLF trunsrnissions from a U. 5,  Navy cornmuriiccltion station for tirne 
distribution brought ubol~t  another revolution in tirne transfer capabilities. A whole new 
reyion of  the spectrum uml a whole new technology wus quickly seized-upon to effect 
iritercontinentul tirne transfer. By 1964 (Olair, 19 741, t ime trunsfer techniques using VLF 
transrnissions were g o d  to about 50 us. i n  accuracy. '[he prirnary usage of VLF signals 
which has evolved over the last 20-30 years has keen us a means of frequency control and 
stubility mcctsurernent. Propagation path vuriotions t lwe proven to be the largest 
lirnitation to  their use as a source of time. These variatioris are of a periodic nature, 
which can be modeled to a large extent, and u non-periodic nature, such as Sudden 
lonospller ic Disturbances (SlD's) and Polar Cap Absorptions (PC A's), whose amounts can 
not be predicted. It was Iliough t that the in t rduc t ion  of the Omeyu Navigation System, 
which used several VLF transrnissions, would allow t ime to  be recovered to  about I us 
through ttie use of  two-frequency techniques. More wi l l  Ile said about this in  a 111ter 
section. In any event, the non-predictable variations in both the perioc-Jic and non- 
periodic portions of  propagation pat11 voriutions have proven to be a lirnitution to  the use 
of this technique to better than 10 us in uccuracy. Extrerne care and ideal laboratory 
conditiotis and cq~~iprnent rnight reduce this number by 30-60 percent. 

LF transmissions are subject t:, the same lirnitcltions in accuracy as the VLF systems. 
Dispersion, caused by the difference in  the phase und group velocities of the VLF and LF 
waves, must be taken into account. As nentioned earlier, the prirnary effects in the VLF 
regiori ure in the ionosphere. While in the LF region, the primary effects are caused by 
ground conductivity variations. 

The HF standurd tirne and frequency trunsmissions have proven to be the most exten- 
sively used tirning signals. While unmdelable ionosphel-ic variations tend to lirnit their 
uccuracy to about 0.2 ms., they ure the rnost widely used und cost-effective means o f  
t ime transfer. Their luck of great accurucy hus not harnpered their popularity and 
frequency of use because there are u large number of users who need tirne only to tlie 
accuracy necessary for everyday life, I sec. In fact, these HF signuls ure necessury for 
the init iully setting most high precision t ime trunsfer systems in  order to set their 
observing windows. 

C. T V  1 echniques 

While more l imited in geogruphical coverage than other RF techniques, TV tirne transfer 
systerns are capable of reasonably high degrees of accuracy and precision The original 
experiment of Tolman c t  al (1967) and its immediate upplications were l imited to  about 
100 11s in  accurucy pri;narily because of receiver noise. linproved hardware has now 
reduced that number to about 10 ns. The attnospherc now seerns to  be the l imiting factor 
for this technique. Geographic coverage is lirnited to priinarily line-of-sight by the fact 
that the pail) tI)e signals take are subject to large urld unpredictable variutions in  order 
to  compensate for the source of some network programming. ruble 2 surninclrizes the 
develuprnent o f  the HF techniques for  Time Transfer during the last 20 yeas. 

I'dAVIGA-TION SYSTEMS FOR 'TIME TRANSFER 

During tile last 20 years, navigation systelns have been the primary means for tirne 
transfer where wide geographic coverage and a relatively high degree of  uccuracy are 
required (Klepcrynski, 1983). The four major systems in use for this purpose are Omega, 
Trar~sit, Lorun-C, and the Global Positioning System (GPS). In al l  but the Transit system, 



tile navigution signals emanating frotn I heir respective trarisrnit ters arc control led h y  
redundant cesium beam frequency standards. This assurt;s the reliabil ity and s tubi l i ty  o f  
the signals. 

The ixnportance of these navigation systems to the timekeeping cornmunity cannot be 
overstated. I-oran-C has been the pritnury vehicle which lias allawed tile Ijureau 
International de I'lieure (Bit-I) to compute Internat io~ul  Atomic Time ('IAl) bused on 
interncltionul representution. Uy noting the difference of contribl~ting cesiuln clocks with 
respect to locully received Loran-C signals, it is possible to forin a semi-global tirne 
scule through somewhat sophisticclted averaging techniques (Grunveuud und Guinot, 
1776). The degree to which the vurious 1-oran-C chains can be coorclinuted (Charron, 
198 1) dcterrnines tlie geographic extent of contributing luboraturies. The use of GPS for 
this purpose has been growing. Because of i t s  precision ant1 accuracy awl becnl~se i t  i s  a 
truly global system, GPS can contribute significutitly to  this tusk. In fact, GPS tirning 
receivers are now locatertl on four continents and arc ol lo3~ing inany Inore laboratories to 
contribute to the forrnation of TAI. I t  is thus becorning a truly international titncj scale. 

A. Omega 

As mentioned earlier, Omega suffers frorn the same lirnitutions tliut uf fect  a l l  VLF 
trans~nissions. Initial experiments wit11 dual frequency tirniny receivers indicuted that i t  
was possible to build a receiver that could acheive u tnicroscconcli precision in timing, 
Unfortunately, ionospheric variations significantly degraded the trunstnitted signals to 
the 1-5 us level. More significantly, the frequency difference used in the experimental 
dual frequency tirning receivers wus not found arnong the frequencies actually trans- 
mit ted by the operationul Orneya systein, including the four riuviyation and one unique 
frequency translnitted by each inernber df the system. Thus, while Table 3 indicutes cr 
litnit of 5 us for Ornega t iwe  transfer, i t  cannot be achieved in practice, 

B. Transit 

Tlie navigation solution in the Transit systern analyzes the received Iloppler shift o f  the 
signal transmitted frotn the spacecraft. The stubility requirements of the transmitted 
naviyatiol~ frequency trunslutes into a tirning requirement of about 500 us. These 
requirements cun be rnet by a high qu l~ l i ty  crystal oscillutor. However, t l ~ e  grourid 
stations which control the spacecraft oscillator, al l  rnake tlieir ~nensuretnents wi t l i  
respect to cesil~m beam frequency standards. Thus, control of the spacecraft oscillator 
is operutionally maintained at  u higher level than required by the nw iga t i o !~  require- 
ments. In fact, l ransi t  tirning receivers can attuin a precision of 25 us in their tirne 
transfer capabilities, The new Nova sutellite, whict~ was launched into orbit in  1982, 
contuiris a significantly better oscillator control systern than the older Oscar sutel li tes, 
consequeritly time transfers uti l izing !he Novu spacecraft can achieve a precision of  
between 3-20 us. In addition, the Nova spucecraFt has built into i t  a PRN code modula- 
tion scheme which has the inherent capability to improve Transit t ime transfers to the 
sub-microsecond level. Ilnfortunatcly, this capa!>ility has not been operationally 
implemented. 

Each of  the 3-5 transmitting sites rnakiny up the stations of u Lorun-C chain has 4 
cesium beam frequency standurds governing the titning of  the trunsrnitted pulse. 
Synclironization within a chain can be kept within 20 ns. tiowever, this is a relative 
synchronization and relates to  navigution. I t  does (lot pertain to  t ime transfer 
accuracy. I t  is a meusure of the ultitnate accuracy lirnit for titne transfers i f  al l  



systematic effects can be taken into account. The init ial tirne transfer receivers 
developed for 1-oran-C were very awkwurd to  use, requiring an oscilliscope and excellent 
judgement in  locating the third zero crossover of the first pulse of  tlie series of  
navigation pulses. The early seventies saw the einergence of  the Austron 2000C Loran-C 
tirning receiver. While i t  was not u completely uutornatic receiver and st i l l  a l i t t le  
cumbersome to use, i t  did help make the process of locking the receiver to the Loran-C 
signals a l i t t le  easier. A g o d  technician, with u l i t t le  training, could set one up within 
an hour. tiowever, the process st i l l  required the use of an oscilloscupe and g o d  judg- 
inent in  locating the third zero crossover. 

Our knowledge of the perplexities of the propagation path delay cornpututic,ns has 
improved. Computer progrurns, which cornputed the propagation path delay, began to 
tuke into account tile conductivity of the surface over which the signuls travelled. Thus, 
it becarne possible to achieve tnicrosecond tirne transfers using 1-oran-C in certain pu-ts 
of the world. With the udvent of the Austron 2 100, a microprocessor based [Loran-C 
tirniny receiver in the early 80's, rnany of the problems associated with setting up a 
I-orun-C tirning receiver disappeared. -1 he primary one being the selection of the third 
zero crossover. Inspection of t i ~ n e  transfer data taken with these new receivers indicate 
a root mean square error of about 20-30 ns. Unfortunately, cornpurison of  Loruri-C tirne 
transfers wit11 other techniques, in particular cormnunication scltzllite t ime transfers 
(Costain et  al, 1979) are supporting the conjectures thut t ' w e  is an annual v a r i ~ ~ t i o n  in 
i he propuyation path delays on tlie order of ubout 1 us. 

O. GPS 

The GPS system is a satclli te-based naviyution systern which wi l l  give 24 hour, world- 
wide, three ditnensional position fixing cupability to two levels of accuracy, 16m and 
loom, respectively. The navigution signuls trunsrnitted froin each of the 18 satellites in  
the final configuration wil l  be controlled by cesiurn heuln frequency standards or o 
rubidil~rn frequency standcrd. (J'S systeln tirne, which is based on the tirne kept ( ~ t  a 
ground station which has been designated us the master clock far the system, is 
physically kept l o  within 1 us of  UTC(USN0). In addition, a set of  coefficients is 
transmitted with the navigation message which ul lows the user to derive IJ TC(USI\IO) to 
within 100 ns. 

Two portable clock verification trips in the mid-seventies showed that the GPS system 
would prove to be the major t ime distribution and time transfer system of  the future. 
The first involved the acceptance testing of  a single frequency tirne transfer unit 
(Putkovich, 1979) which showed that the set was capable of an accuracy of SO ns. The 
second verif ied the t i ~ n e  transfer capabilities of a speciully modified dual frequency 
nclvigcltion receiver (Roth et al, 1979). Tliis series of experi~nerits showed an accuracy of 
27 ns in t irne transfer capability. That these tests verified the t ime transfer capobilities 
of the G13S systeln u t  such an early stage of its development, indicated that the systern 
hud great potent iul. 

Allan und Weiss (1980) pointed out the advantages of using camrnon-view tirne transfer 
measurements. In this way, the lirnitations in  precision of present single frequency GPS 
Tirne Transfer Units can be better overcome. B y  looking u t  the same satellite a t  the 
same instant, two stutions could reduce the error budget in their tirne transfers by a 
significant amount becuuse a l l  errors cotnmon to  the spacecraft clock and most o f  the 
error due to poor ephe~nerides would be eliminated frorn the ~neasurements. The primary 
errors le f t  i n  the rneusurernents qould be thut due to  the differential, unmodelled 
ionospheric path delays between the two stations. The differential unrnodelled tropo- 
spheric corrections should be about a nuncxecond or srnaller, provided that the 



tropospheric inodels are correct. Portable clack visits, which are also necessary for 
system calibration, have demonstrated that common-view GPS t ime transfers stiow a 
consistency of between 5-10 ns. Table 3 summarizes the development of navigatiui~ 
systerns for Time Transfer during the last 20 years. 

SATELI ITE SYSTEMS FUR TIME -1'KANSFER 

Hesides the satel lite-based navigation systeins, there exist a number of sutel li te-bused 
communications systems which are extretnely effective for t ime tralrsfer. The use o t  
geostationary cornrnunicatiun satellites for t ime transfer goes back to 196% when clocks 
at USNO, NPL and FiGO were compared to an accuracy of I us using two-way exchange 
of 5 us long pulses through the Telstar satellite (Steele et  al, 1964). During the lute 71its, 
a three-year long link was established between North Arnerica and Europe using the 
Symphonie sutellite (Costain et  al, 1979) at C-band (416 GHz). At  the some tirrre, 
experiments using the HermesIClS satellite at K-bund (12114 GHz) Nere r:ornrnenr:cd 
between USNO, NBS and NRC (Costain, 1979). Sub-nanosecond precision and occorucies 
of 20-50 ns Nere obtained by these techniques. Recently, a new PRN rnodern (SITftEM), 
specially designed for t ime transfer (I-lartl et al, 1983 a), hus been used in soarre 
experiments (Hartl et al, 1983 b). While precisiorls in  time transfer acllievcd with l i i i s  
PRN modern are comparable to  those achieved in the lut ter tiermes/CT5 experiments, 
i.e., 600 ps, the main udvantage of  these modems lies in their simplicity of use und small 
power req~ire~nents.  Only I watt of trunsrnitting power is required. Becuuse of the PRPd 
cocling technique and low power, the signals are non-interfering. 

I f  care is not taken to carefully culibrate and measure al l  delays in the satellite being 
used before launch, these techniques suffer in  attainable accuracy. Hence, portuble 
clock trips are necessary to rernove systematic errors between cooperating stations. 
Because these techniques use two-way exchange of signals, many common errors drop out 
of tlle tirne transfer mathematics. However, non-reciprocal delays through the channels 
and transponders of the satellite do not drop out, as well as differential ionospllzric and 
tropospheric delays. The use o f  l3SCS for t ime transfer is similar to that of usiilg 
commerciul communications satellites, i n  principle. Because of operational require- 
ments, there are some technical differences in how the t ime transfers ure ~ n u d ~ .  
However, the results a re  comparable. 

l h e  GOES satellite is primarily a weather and environmental monitoring platform. -I/-rc 
data down-linked frorn the satellite contains a time code provided by and referenced to 
the NBS (I-lanson et al, 1979). The system i s  used as u t i ~ n e  distribution systein in  Norti? 
America. I f  the user applies corrections for his location, an accuracy of I rns can be 
attained. I f  the user also applies corrections for the position of the satellite, an 
accuracy of 30-50 us can be acllieved. Table 4 cornpares the capabilities of sorne 
satellite systems over the last 20 years. 

SPECIAL SYSTEMS FOH TIME TRANSFER 

While navigation and cornrnunication systerns are significant contributors to the 
timekeeping field, several other systems, such as VLBI, luser ranging arrd Portul~le 
Clocks, also contribute significantly. There is no single unifying theme which brings 
these three techniques under one category. VLBl requires highly precise frequency 
standards at  each station in  a network. The VLBl correlation process, itself, determines 
the offsets in both epoch and frequency of the clocks within the network. Thus, cr VLlSl 
network is  a self-contained synchronized network (but not in  real-time). Very short luser 
pulses can forrn the basis of a highly precise t ime transfer system, because the time of 
arrival of a coded sequence of extre;nely short laser pulses can he unarnbiyuously ar~d 



precisely determined. Portable clocks are i nc l~~ded  in this category because they t iwe  
I~cen  the ult i  n t ~ t e  technique for verification and calibrr~tion of al l  other techniques. 
VLUl hc~s showt~ itself to be un cxtrelrlely precise tirne transfer system. Over tile years, 
the data recording tecliniques used in  variot~s VLUI systerns hris grown and evolvetl into 
the present wide band systern known trs the Mark Ill system. 1 he original Mark I syte~n 
had a bondwidth of only 2 K t i r .  Al let1 Roqers (1916) hus shown that the ul tirnute cnpal~il- 
i t y  to syncl~ronize two VLHl tapes i s  bused on their bandwidth a d  S/N rat io L,f the 
observed sources. For ttie Mclrk I system, this is ubout 150 ps. For the Murk I I  system, 
whose bandwidti1 is 4 iMliz, this nurnber is  typically about 100 ps. These nur-nbers refer to  
tile inherent precision wtiicli the correlr~tion process can attain. tiowever, t l~et-e are 
Inany syste:natic: effects which ~nus l  '3e rernovccl i11 order to achieve uccuracy. Severul 
experiinelits have ut tempted to  verify the VI-Dl intrinsic capabili ties by careful ly 
calibrating and evuluating the rnany delays tl~rough the element:; af u VLBl systern (Clark 
et al, 1979; Spencer et al, 1981; and .Johnston et al, 1983). The best results which have 
ilecn obtainerl to  date are thosc c)f Spencer et ul (1 981) and Johnston et ul (1 983) where 
verification was done ut the 3 ns and ;? 11s levels, respectively. I t  has becorne rather 
obvious that u t  these levels, present day verif ication und calibrutio,? techniques are 
lnurl~inal ly adequate. Tlie ult imate l imitation to VL131 t i ~ n e  transfer appears to be the 
attnospliere and wi l l  lirnit the accuracy of VLBl ti lne transfers to about 60 ps (Crane, 
1976). 

I t ie two-way exchange of laser pulses stioc~ld prove to bc un extre:nely precise und 
accurc~te method for t ime transfer. When used to syrichronire two yround sfufiol>s over r_l 

clistarice of 35 km, a precision of  60U ps was uctlieved (Alley e t  al, 1982). Inter- 
continental tirne transfer, as proposed by the Lasso Progranl (Leschiutta, 1'3/9), using u 
satellite wi th a retro-reflector und un on-bourd event t i~ner  sl~ould achieve similar 
t-esl~l ts. tiowever, this experiment has not been done as yet I~ecause the satel li te piluntled 
for this purpose never rnade it into orbit. Use of very short laser pulses assures that the 
time of reception wi l l  be precisely recorded. IJse of u reflec ting surface, as opposed to a 
relaying Irunsponder in  the radio region, assures u reciprocal path. Tlie differential 
variations in the propagution puth delay during two-way exchange of laser pl~lses would 
become the lirniting fuctur to ttie accurucy of this rnetllod. I hus, i t  seerrls tllut this 
technique should prove to be the ver i f i o~ t ion  and calibrcltion systern of t i le future. 
Unfortunately, laser stutions which have sufficient capability both in regards to 
manpower und equip~nerit ure very few and very expensive to operute. 

For the rnornent, the portablc clock is the prirnary, olthougtl minewhat lilnitcd, verificu- 
l ion and cal ibrt~t ion system for certifying the accuracy of t ime transfers. Over the 
jccus, the capabilities of portable clock trips has improved. Initially, i n  the early GO'S, 
one could only expect 1-5 us as the resl~lt ing accuracy of a PC trip. This iinproved 
dralnatict~l ly wi t t i  the introduction of the cesiurn clocks wi th the high performance beam 
tube. Since t l ~ e  early 70's (Putkovich, 19811, several factors hnvc contributed to  the 
further improvement in  the accuracy at  tained wi th PC trips. lmprovetl rnoni toring of the 
PC before and after the t r ip and care in rninirniziny the duration of the t r ip have helped 
the situatio*~. For special critic91 experiments, an ensernble of clocks (Iiufele & Keating, 
1372 and Spencer et al, 1981) has been r~sed. Presently, the best perforinurlce that can be 
expected f ro  n a PC tr ip is about I ns. This rneurs a short tr ip and use of rnore than one 
PC. Table 5 shows the cclpubilities of tlle.je sl)eciul systems during the last 20 yeurs. 

COST FACTORS OF VAHIOUS TIME Tt4ANFtH -1 trCHNIQUES 

Many factors enter into the choice of selecting u tirne transfer system to meet a require- 
ment.  Very often, cost is the single most important Fuctor. Table 6 is presented in order 
to give a comparison of costs versus accuracy of technique. There is a general trend of 



increased precision meaning increased costs. However, on considering GPS, it can he 
seen that for uboct twice the cost of a Loran-C tirning receiver, one gets 8- 1 O tiines the 
performuwe. It should be pointed out that within a few short years, GPS tilniriy 
receivers have dropped in price from their ini t ial  offering of about $ 5 5 ~  to ubout $25K irr 
1985. It is expectad that this trend shoulrj continue. It is also interesting to note that at 
$25K, GPS t irnir~g receivers are less than the price of a cesiurn bea~n frequency siundard. 
Ihe sub-nannsecond techrliques, at this point in tirne, are st i l l  expensive. In order- to  
ut i l ize corn~nerrial communication satellites, un Earth station is needed. I t  would cost 
ubout $105K to o ~ ~ t f i t  one. k-lowcvcr, this {nay not be u significant prchle,.nn us rnany 
laboratories alr-t~ost have this capability if resources wi th sister i i~st i tut ions art: 
combined. I he use ~f VLHl requires the equivalent of a rudio astronomical ot~servutory. 
The cost of establishing one would be in excess of $1000~.  A local, high-precision laser 
ranging sy.; te8n :oulcl bc estublished for several hunrlreds of thousands o f  do1 tars. 1 0  
expand Ro ar) intert:ontinentul t ime transfer sybtem would require the cstablishmer~t of an 
observatory qucrli t y  fucil i  ty at u cost i n  eAcess o f  a mil  lion dollr~rs. I-lowever, onc should 
not look at askance: ut these techniques. It rnuy not he necessary to cornrni t these vust 
resources to uti l ize these techniques. Scverul observatories already participate in VILC31 
networks. Cor~sequently, the building bloclts for nodes in an orcynized tirne trunhf er 
systern exist. As liinekeepiny capabilities evolve and there becornes u qruclter rlccrrt to 
perform super-pr.3cise and accurate time transfers on u regular basis, the use of existing 
resources in a cost-effective rnanncr w i l l  evolve. 

It does not seem tirot in  the next ten years we wi l l  havc qny significant ciicrnges in tirne 
transfer instrumentation. Existing technology, wi th improvements, can probably keep op 
wi t17 tirnekecping improvements, which wi l l  be based upon the introduction o f  hydr~ger-1 
inuser devices into tirne scales and illso other new standarcis such as stored ion devices. 
Unless soinc sz;~*e~~dipitous discovery allows a new type of technology to be applied t o  
tirnekecping, there clppenrs to be no major quanturn leap in  tirne transfer tectmulogy 
capabilities In  prmpect. Most likely, we wi l l  witness u gradual evolution in the 
imp-uve~nent of precisiorl and uccurucy of current techniques, some of which are in their. 
ckvelopirrentul strlyu, i,e., Inser-ranging, Most likely, these irnprovernents !#ill lead to 
the 10- !(I0 ps range i ! ~  t iwe trc~nsfer capability. Satellite cornrnunica-tiorls systerr~s wi l l  
play a luryer x-ale in t ime tra13sfer techniques. These systeins wi l l  go t o  higher 
frequencies w i th  greater systern bandwidths. tiopeful ly, we wil l  see better pre-launch 
calibruf i t l u j  in order ti2 iinprovc their uccurucy. We wi l l  ?robably see the development of 
un interco~lt~rrerrval ic.iser-rorrginy t iwe transfer system. In order to ut i l ize resources i n  a 
cost-effective il-wnr~er we wi l l  see u developing hierarchy where some laboratories ur  
observatories w i l l  become Ernportant nodes in an integrr~ted tiine transfer network. 

GPS wi l l  play u ~rrajol- role in worldwide time trul-~sfer. I t  w i l l  beoornc one of ,the rr~ost 
cost-ei'Fective sysl-ems for a rnujority of users, i n  spite of the cloud of Selective 
Availubil i ty ;~n t l  I.:kr~ii-rl of  Accuracy which hungs over the co~nrnunity of civil ian users. 
There nl-e effeckive ways to r.2vercome sorne sllortcornings, perilups not in real tir-ne arrd 
perhaps not attaining ol l ~f tile present day's precision ut tainable wi th -the 5tundard 
Positionii-19 5ervice. However, i t  s t i l l  wi l l  he a viable cost-effective system. In the 
corning decade, therc c o ~ ~ l d  urise o riced for satel li te-to-satel li te  tirne transfers. 'This 
would evolve froi-n a need for the worldwide exchunge of datu through satellites ur be 
driven by scientific reasons SIJ::~ as ir-tterferocnetry in space. I here :.nay be a demand F:,r 
rnediuln precision time trur-lsfer i n  order to  syrlclironize networks oF computers. The 
f u t ~ ~ r e  wi l l  offer Inany c!-iul lenyes, 
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Table 3 

NAVIGATION SYSTEMS FOR 

'TIME TRANSFER 

1964 -- 1974 1984 COMMENTS ---- 

LORAN-C 5- I Ous 0.5-5us 40-700ns Seasonal Term 

OMEGA - 5us Sus 

TRANSIT 500us 25us 3-20us Dependent on satellite used 

GPS - l OOns 5-40ns Best results with common view 

Table 4 

SATELLI-TE SYSTEMS FOR 

TIME TRANSFER 

1 964 1974 1984 -- COMMENTS 

GOES - 50us 30us Time distribution system 

DSCS - loons 5011s Measurement System lirni ted 

Commercial l us l Ons 200-600ps Spread Spectrum PRN moderns 
Communication 
Satellite 



Table 5 

SPECIAL SYSTEMS F0l3 

TIME TRANSFE13S 

Portable I -5us 30- 1000ns 5-500ns L-irnited by durution of tr ip 
Clocks 

VLBl - 1 50ps(1 5ns) 60ps(3ns) lJl tirnatel y lirntecl by atrnusphcr-e to 
about 60ps uccurucy; values in  
parenthesis i tidicu t~ verification 

Laser-Runging 200-6OOps 

COSTS OF VAKIOUS 

TIME. TRANSFEII l~[-TCHI\JIQrJES 

Method 

I) GOES 

2) THANSII 

3) LORAN-C 

4) Portable Clock 

5) GPS 

6) Comm. Satellites 

7) VLBl 

8) Laser Ranging 

Cost for Systern (Receiver) ---- ---A- 

$7K 

$ 1 2 ~  

$ I OK (recci ver) 

$ 3 ~  (micro-processor) 

$4 3K 

$20-32K 

A 3 0 ~  (antennu) 3 15K (PKN Modem) 
$ 6 0 ~  (other electronics) 

Accuracy 

20us 

15us 

40- loans 

I ns 

I rrs 



Figure 1 

Figure 2 

f3ange of values expected in tirrlekeepiny cnpubilitics at 
be t t e r  laboratories. The values for 1984 ure  autlx>r1s 
estirnates. 

lur- I 

Harlge of Time 'Transfer capabilities. The  values for 
1984 are t h e  author's estirnutes. 



Figure 3 Composite of Figures I and 2 



QUESTIONS A N D  ANSWERS 

BOB BAKER, VANDENBERG A I R  FORCE B A S E ,  F E D E R A L  E1,ECTRIC 
CORPORATION, I T T :  W o u l d  y o u  s a y  a  f e w  w o r d s  a b o u t  s e l e c t i v e  
a v a i l a b i l i t y  f o r  G P S ,  p l e a s e .  

M H ,  K I . , E P C Z Y N S K I :  T h a t  i s  a d i f f i c u l t  s u b j e c t .  R i g h t  now t h e  p l a n  
o r  p o l i c y  i s  t h a t ,  e v e n t u a l l y  a t  s o m e  t i m e ,  w h e n  t h e  s y s t e m  
b e c o m e s  o p e r a t i o n a l ,  t h e  c u r r e n t  c a p a b i l i t i e s  o f  t h e  s y s t e m  f o r  
t h e  C A  c o d e  w i l l  b e  d e g r a d e d  t o  a b o u t  a 1 0 0  m e t e r  p r e c i s i o n  f o r  
n a v i g a t i o n  p u r p o s e s ,  w h i c h  w o u l d  m e a n  t h a t  i t  w o u l d  g o  down  t o  
a b o u t  300 n a n o s e c o n d s  f o r  t ime  t r a n s f e r .  

H o w e v e r ,  t h e  common v i e w  mode w o u l d  e l i m i n a t e  some  of' t h e s e  
p r o b l e m s .  

I n  a d d i t i o n ,  n o t  a l l  o f  t h e  s a t e l l i t e s  w h i c h  a r e  i n  o r b i t  
now w o u l d  h a v e  t h a t  c a p a b i l i t y ,  w o u l d  n o t  b e  a b l e  to h a v e  t h e  
s e l e c t i v e  a v a i l a b i l i t y  a p p l i e d  t o  t h e m .  I t ' s  o n l y  t h e  l a s t  o n e  o r  
t w o  s a t e l l i t e s  w h i c h  h a v e  b e e n  l a u n c h e d  w h i c h  h a v e  t h a t  
c a p a b i l i t y ,  a s  w e l l  a s  t h e  f u t u r e  o n e s .  T h o s e  a l r e a d y  i n  o r b i t  
w i l l  s t i l l  p r o v i d e  t h a t  c a p a b i l i t y  f o r  f i v e  o r  t e n  y e a r s  -- t h e i r  
l i f e t i m e .  T h e r e  a r e  some c l o u d s  on t h e  h o r i z o n ,  b u t  i t ' s  n o t  t h a t  
b a d .  The s y s t e m  will e v o l v e  a n d ,  I t h i n k ,  k e e p  g o i n g .  

M R .  B U I S S O N :  L e t  me a d d  o n e  t h i n g .  T h e  s e l e c t i v e  a v a i l a b i l i t y  
c a p a b i l i t y  w i l l  e x i s t ,  b u t  t h e r e  i s  a c h a n c e  t h a t  i t  w i l l  n e v e r  
h a p p e n .  

M R .  B A K E R :  T h a n k  you .  I h a v e  a n o t h e r  q u e s t i o n :  On y o u r  c o m m e r c i a l  
s a t e l l i t e ,  you d i d n ' t  l i s t  t h e  c o s t  o f  t h e  s a t e l l i t e  u s a g e .  

M R .  KLEPCZYNSKI: T h a t  i s  d i f f i c u l t  t o  g e t  a  h a n d l e  o n .  S o m e  o f  
t h e  new t e c h n i q u e s ,  i n  p a r t i c u l a r  t h e  s p r e a d  s p e c t r u m  modem, o n l y  
n e e d  o n e  f o u r  m e g a h e r t z  w i d e  v o i c e  c h a n n e l .  You d o n ' t  n e e d  t h e  
n u m b e r  o f  c h a n n e l s  t h a t  you  n e e d  f o r  a TV b r o a d c a s t  o r  a n y t h i n g  
l i k e  t h a t .  T i m e  c o s t s  a b o u t  f i f t y  d o l l a r s  p e r  h o u r  o r  l e s s  b u t ,  
f o r  t i m e  t r a n s f e r ,  y o u  w o u l d n ' t  b e  o n  t h e  a i r  f o r  a n  h o u r .  A l l  
y o u  w o u l d  h a v e  t o  b e  o n  w o u l d  b e  f i v e  o r  t e n  s e c o n d s ,  o r  m a y b e  
f i v e  m i n u t e s  i f  you w a n t e d  i t  t o  b e  r e a l l y  g o o d .  

T h a t  p a r t  o f  t h e  c o s t  i s  r e l a t i v e l y  m i n o r .  I t ' s  t h e  i n i t i a l  
c a p i t a l  c o s t  w h i c h  would  b e  t h e  b i g g e s t  p r o b l e m .  

SAM WARD, J E T  PROPULSION LABORATORY: I t h i n k  i t  s h o u l d  b e  
e m p h a s i z e d  a l s o  t h a t ,  a l t h o u g h  h i g h l y  p r e c i s e ,  t h e  l a s e r  a n d  VLBI 
t e c h n i q u e s  c a r r y  a h e a v y  b u r d e n  i n  t h e  a p r i o r i  l e v e l  o f  t i m e  
s y n c h r o n i z a t i o n  t h a t  m u s t  b e  e s t a b l i s h e d  b e f o r e  you c a n  u s e  t h e  
t e c h n i q u e .  

M R .  KLEPCZYNSKI: T h e r e  i s  n o  q u e s t i o n  a b o u t  i t .  T h a t ' s  why I 
i n d i c a t e d  t h a t  t h e r e  a r e  g o i n g  t o  b e  v e r y  f e w  c e n t e r s  w i t h  t h a t  
c a p a b i l i t y .  




